We recently described a protocol for determination of retrovirus mutation rates, that is, the mutation frequency in a single cycle of retrovirus replication (J. P. Dougherty (3, 4, 14) .
mutation rate for a single base pair substitution during replication of this avian retrovirus is 2 x l0-5 per base pair per replication cycle and the insertion rate is l0-7 per base pair per replication cycle. It will be possible to use this protocol to determine mutation rates for other retroviruses.
Retroviruses are RNA viruses that replicate through a DNA intermediate, the provirus. The provirus integrates into the target cell genome, where it is stably maintained. Spleen necrosis virus (SNV) is an avian retrovirus that can also infect some mammalian cells, such as rat and dog cells. Previously, we described a protocol that can be used to determine retrovirus mutation rates (3, 4) . Using an SNVbased vector, we showed that the mutation rate leading to expression of a suppressed gene is 5 x 10-3 per base pair (bp) per replication cycle. However, the nature of the mutations leading to expression of the suppressed gene were not characterized. They could have been point mutations, deletions, insertions, or inversions (3, 4, 14) .
In the present paper, we describe the determination of retrovirus mutation rates for base pair substitutions and for insertions. We found that the base pair substitution rate is 2 x 10-5 per bp per replication cycle and the insertion rate is 10-7 per bp per replication cycle. We also studied apparent gene conversion of a provirus and found that after 15 cell generations the apparent gene conversion frequency was 10-3.
MATERIALS AND METHODS
Nomenclature. Mutation rate means the mutation frequency per single cycle of virus replication. hygro and neo refer to genes, while neor and hygror refer to resistance phenotypes. Plasmids have a small p before their names, while viruses derived from these plasmids do not.
Plasmid constructions. The construction of pJD216NeoHy was previously described (3, 4) . pJD216Neo(Am)Hy was derived from pJD216NeoHy by substituting a PvuII fragment containing the amber codon for the wild-type PvuII neo fragment (6) .
Cells. The D17 cell line is an osteosarcoma-derived dog cell line which is permissive for SNV infection. The C321 and .2G cell lines are helper cell lines derived from D17 cells. C321 cells have already been described (22) . The only difference between the C321 and .2G cell lines is that C321 cells contain wild-type copies of neo (in pSV2neo), which confers resistance to G418, whereas .2G helper cells contain copies of a mutant dihydrofolate reductase gene, which confers resistance to methotrexate (17) . D17 and helper cells were grown as previously described (22) . Selection for hygromycin-resistant cells was done in the presence of 50 to 100 ,ug of hygromycin per ml. Selection for G418-resistant cells was done in the presence of 400 ,ug of G418 per ml. Selection for methotrexate-resistant cells was done in the presence of 90 ng of methotrexate per ml.
Transfections and virus infections. Transfections were done by the calcium phosphate method (7, 23) . Infections were done as previously described (3) confers resistance to G418 (8) , and the hygro gene, which confers resistance to hygromycin B (9). We used two D17 (dog cell line)-based SNV helper cell lines, C321 and .2G. C321 has already been described (22) . The only difference between the C321 helper line and .2G helper line is that .2G contains a mutant dihydrofolate reductase gene, which confers resistance to methotrexate (17) , while C321 contains wild-type copies of the neo gene. As a positive control, we established 10 .2G helper lines and 3 C321 helper cell lines, each containing a JD216NeoHy provirus. We harvested virus from each cell line, infected fresh D17 cells, selected for G418-resistant (neor) or hygromycin-resistant (hygror) cell colonies, and obtained neo and hygro titers expressed as TU (Table 1) . JD216NeoHy was able to form equal numbers of neor and hygror cell clones.
Rate of base pair substitutions. To determine the rate of base pair substitutions, we constructed pJD216Neo(Am)Hy, which differs from pJD216NeoHy by a single base pair change resulting in the introduction of an amber codon into the 5' coding region of neo (Fig. 1B) (6) . We established by infection 43 .2G helper cell lines, each containing a JD216Neo(Am)Hy provirus. We harvested virus from each cell line, infected fresh D17 cells, selected for neor or hygror cell colonies, and obtained neo and hygro TU titers. The neor/hygror ratio obtained with the 10 clones giving the highest overall titers was 2 x 10-5 ( Table 2 ). The sum of neor/hygror colonies obtained for all 43 clones was 129/ 5,916,000 or 2.2 x 10-. The neor colonies represent the number of vector mutants that express the neo gene, while the hygror colonies represent the overall vector titer. Therefore, the neor/hygror ratio represents the minimal mutation frequency (see below). The mutation rate is the mutation frequency per replication cycle. Since only one round of virus replication occurred, 2 x 10-5 is the mutation rate per replication cycle. a .2G cell clones containing a JD216Neo(Am)Hy provirus were established in the same manner as the cell lines described in Table 1 , except that the original transfections were done with pJD216Neo(Am)Hy. Virus titers were determined as described in Table 1 , footnote a, except that the virus stocks from the cell clones were not frozen and thawed but only clarified by centrifugation. The titers in this experiment are higher than those in Table 1 because this virus was not frozen and thawed before assay.
b The overall neo and hygro titers were 63 and 330 x 104, respectively, and the mutation rate was determined as follows: neo NUlhygro NU = 63/330 x 10 = 2 x 10-5.
To test whether the fluctuations in the neo/hygror ratios obtained with individual cell clones were clonally distributed, we applied the chi-square goodness-of-fit test to the results obtained with 31 of these clones. We found that the differences were not significant, indicating that the proportions were equal and the distribution was not clonal.
To prevent any possible virus spread during growth of the cell clones, we performed the same experiment with 12 .2G helper cell lines, each harboring a JD216Neo(Am)Hy provirus, except that we grew the cell clones in the presence of a neutralizing antibody to SNV proteins (3). The antibody was removed from the cell cultures 24 DdeI site lost in most of the cases tested. Introduction of the amber codon into pJD216Neo(Am)Hy also resulted in creation of a DdeI restriction site CTNAG (Fig. 1B) . A base change in position 2 or 3 of this amber codon results in loss of the DdeI restriction site (Fig. 1B) . If the neo revertants obtained in the experiment described in the legend to Table  2 were the result of base pair substitutions at position 2 or 3 of this amber codon, then the neo revertants should contain proviruses that lost the DdeI restriction site. To test this hypothesis, we grew 17 neor D17 cell clones, obtained as described in Table 2 , footnote a, isolated genomic DNA from these clones, digested the genomic DNA with DdeI, electrophoresed the DNA in a 1.2% agarose gel, blotted the DNA to nitrocellulose, and hybridized it with a neo-specific probe, followed by autoradiography (Fig. 2) . In the three cases shown, the DdeI site was lost. In all, we found that 15 of 17 clones had lost the DdeI site.
Reversion frequency with C321 helper cells. We also performed an experiment with the protocol described in Table  2 , footnote a, with C321 helper cells, which contain multiple wild-type copies of neo in pSV2neo (17) . That Three individual neor D17 cell clones described in Table 2 were grown. Genomic DNA was isolated, and 10 p.g was digested with
DdeI, followed by electrophoresis in a 1.2% agarose gel and blotting of the gel to nitrocellulose. The blot was then hybridized with a 32P-labeled neo-specific probe, followed by autoradiography (19 titers. The reversion frequency we obtained was io-3 (Table  3) , which is 50 times higher than that obtained with .2G helper cells, which do not contain endogenous copies of wild-type neo. We also tested whether the proviruses in the neo revertants obtained in the experiment described in Table 3, footnote a, had lost the DdeI restriction site. In all of the 19 cases tested, the DdeI restriction site was lost. We suggest Genomic sequence analysis of neo revertants by PCR amplification. The exact nature of the changes giving the neor phenotype was analyzed by direct sequencing of PCRamplified genomic DNA from 13 revertants (13, 16, 25) . Two 20-nucleotide oligomers were synthesized and used as primers to amplify a 264-bp region that spans the amber codon. Thirty sequential cycles of primer annealing, DNA polymerase extension (with DNA polymerase from Thermus aquaticus), and denaturation were performed. Amplified DNA was purified in an 8% polyacrylamide gel (Fig. 3A) and sequenced by the Maxam and Gilbert protocol (Fig. 3B) (12) . Figure 3B shows amplified genomic DNA from three neor D17 cell clones originally infected with JD216Neo(Am)Hy virus harvested from .2G helper cell clones. Typically, we obtained 1 to 5 ,ug of amplified DNA from 1.5 jig of genomic DNA, indicating approximately 108-fold amplification.
We performed this amplification on DNAs from seven neor D17 cell clones originally infected with JD216Neo (Am)Hy virus from .2G helper cell clones and on six DNAs from cells originally infected with JD216Neo(Am)Hy virus from C321 helper cell clones (containing endogenous neo genes), all of which had lost the DdeI site (Fig. 2) . In all cases in which the DdeI site was lost, base pair 4 of the DdeI site (corresponding to base 2 of the amber codon) was converted from A-T toG-C (Fig. 3B, II) .
Two neor D17 cell clones originally infected with JD216Neo(Am)Hy virus from .2G helper cell clones did not lose their DdeI sites. DNAs from these two clones were used as templates for amplification and sequencing. The sequence obtained for one clone is shown in Fig. 3B, I . As expected, the DdeI site was maintained. There was no change from T to C. However, there was an insertion of four bases (CCGA) seven bases downstream from the amber codon. The insertion is a duplication of the adjacent CCGA. Thomas and Capecchi have shown that +1, +4, +7, etc., frameshift mutations just downstream of this amber codon can restore neo function (see Discussion) (21) The base pair substitution rate is similar to that determined with cell-free systems (10) . Furthermore, the mutation rate we observe is similar to that calculated for two other RNA viruses, poliovirus type 1 (less than 10'-for the VP1 gene) and influenza virus (8 x 10-5 for the NS segment), and higher than that for a third, Sindbis virus (2 x 10-7) (5, 15, 18) . These other RNA viruses utilize different types of polymerases than do retroviruses.
Mutations in our system could have occurred at either the RNA transcription step or the reverse transcription step. We are not sure at which step the mutations occurred. It is possible to separate these two steps physically, which may allow determination of the mutation rate at each step.
Insertion mutation rate. Two neo revertant D17 cell clones originally infected with JD216Neo(Am)Hy virus from .2G
helper cells did not lose the DdeI site. Genomic sequencing with PCR-amplified DNA revealed that one clone retained the DdeI site and the amber codon (Fig. 3B, I ), but there was a 4-bp insertion 7 bp downstream from the amber codon. Thomas and Capecchi have found that +1 frameshift mutations within an area of 11 bp downstream of the amber codon can compensate for the stop codon (21) . Translation can be initiated at an AUG in the -1 reading frame upstream of the amber codon, allowing readthrough of the amber codon which is in the 0 reading frame. The + 1 frame shift then allows the ribosome to regain the proper phase. The target size for selectable insertions is about 11 bp downstream from the amber codon (21) . Since the only insertions that score as revertants are +1 frameshift mutations, our effective target is the equivalent of a single codon. The insertion mutation rate per codon is 1/17 times the base substitution mutation rate. Therefore, the insertion mutation rate at this site is about 10-7 per bp per replication cycle.
The other clone that retained the DdeI site also retained the amber codon. We discovered no compensating mutations (20 bases 5' or 20 bases 3' to the amber codon) to account for its neor phenotype. It is possible that there is a compensating mutation outside of the area we sequenced or that there is a cellular mechanism by which this cell clone can suppress the amber codon. ( If the retroviral mutation rates we measured are true for the entire genome, we can roughly estimate how many replication cycles different retrovirus isolates have undergone since divergence from a cell or other virus isolate. Reticuloendotheliosis virus strain T (REV-T) contains the oncogene v-rel. Comparing v-rel from REV-T coordinates 4290 to 4675 with its proto-oncogene, c-rel, we found that v-rel and c-rel differ by 6 bp and an insertion of 6 bp in v-rel (24) . The changes in this area of v-rel are not important for the transforming ability of v-rel (20) , and so we consider them silent. Therefore, from the time the c-rel sequence was transduced into REV-T until the REV-T provirus was cloned (2), REV-T underwent approximately 800 replication cycles (number of replication cycles = 6 bp substitutions/2 x 10-5 substitutions per bp per replication cycle x 385 bp). A similar calculation can be made for other retroviruses, if we assume that the mutation rates we measured also apply to them and the observed differences in nucleotide sequence are primarily silent. Thus, we can calculate that the observed substitution rate of lentiviruses (visna and human immunodeficiency viruses) of approximately 10-3 per nucleotide per year (1, 26) indicates approximately 50 replication cycles per year since the divergence of different isolates.
Gene conversion. We also used the procedure described in Fig. 1A with C321 helper cells, which contain multiple wild-type copies of neo in pSV2neo. The reversion frequency that we obtained with C321 cells was 10-3, which is 50 times higher than that obtained with .2G helper cells, which do not contain endogenous copies of neo. Since there is no other difference between C321 and .2G cells, we suggest that the higher reversion frequency is the result of gene conversion which occurred either during growth of the C321 helper cells containing the JD216Neo(Am)Hy proviruses or during retrovirus replication or both. It is also possible that this high reversion frequency was a result of recombination. However, because the wild-type neo RNA contains no retrovirus sequences, it would only be packaged at a very low frequency, and a double crossover would be necessary to recover a wild-type neo virus. As expected, all revertants obtained with virus from C321 cells contained the wild-type sequence.
